Continuous glucose monitoring (CGM) technology is a minimally invasive method of measuring glucose levels in real time over several days. It consists of an implanted device with a tiny sensor inserted just below the surface of the skin to gain access to interstitial fluid. An algorithm incorporating 3 to 4 capillary blood glucose measurements sampled by fingerstick for calibration is used to convert the interstitial glucose to blood glucose levels. The readout is a blood glucose profile with measurements taken every 5 minutes. This groundbreaking technology has advanced the management of diabetes mellitus by facilitating the use of insulin pumps, closed‐loop systems, and the artificial pancreas.[1](#cpdd437-bib-0001){ref-type="ref"} CGM permits thorough examination of glycemic events such as hypoglycemic (\<70 mg/dL) and hyperglycemic (\>250 mg/dL) episodes, which can be life threatening and/or lead to severe complications. [2](#cpdd437-bib-0002){ref-type="ref"}, [3](#cpdd437-bib-0003){ref-type="ref"}, [4](#cpdd437-bib-0004){ref-type="ref"}, [5](#cpdd437-bib-0005){ref-type="ref"} It can also expose potential root causes for these excursions by linking changes in glycemic variability to medication, physical activity, diet/food intake, or other stresses. These observations can, in turn, help patients and practitioners develop strategies to correct and avoid future glucose extremes. Several studies have shown that the use of CGM devices also improves overall glucose control and can lower long‐term hemoglobin A~1c~ (HbA~1c~) in diabetes mellitus patients through greater glycemic awareness (see reviews[6](#cpdd437-bib-0006){ref-type="ref"}, [7](#cpdd437-bib-0007){ref-type="ref"}). These findings were recently confirmed in the DIAMOND trial, in which 24 weeks of CGM therapy improved glycemic control in both type 1[8](#cpdd437-bib-0008){ref-type="ref"} and type 2[9](#cpdd437-bib-0009){ref-type="ref"} diabetes mellitus patients on multiple daily insulin injections. Moreover, the American Association of Clinical Endocrinologists recommends CGM for patients at risk of hypoglycemia, T2DM patients with unappreciated hyperglycemia, and individuals using intensive insulin therapy regardless of diabetes type.[10](#cpdd437-bib-0010){ref-type="ref"}, [11](#cpdd437-bib-0011){ref-type="ref"} The US Food and Drug Administration recently granted the use of a CGM device to replace fingerstick self‐monitoring blood glucose (SMBG) measurements for treatment decisions (ie, daily insulin dose).[12](#cpdd437-bib-0012){ref-type="ref"}

Although CGM can improve the lives of both type 1 and type 2 diabetes mellitus patients, another area benefiting from CGM technology is therapeutic drug development. Incorporating CGM in early clinical studies can assist both in understanding if and how a new investigational product impacts glycemic control and in discerning the pharmacokinetic‐pharmacodynamic relationship. This view was recently expressed in a joint statement by the European Association for the Study of Diabetes and the American Diabetes Association, which highlighted the supportive role CGM can play in clinical development for new insulin products and glucose‐lowering agents for a diabetes mellitus indication.[13](#cpdd437-bib-0013){ref-type="ref"} One of the first reported applications of CGM in a therapeutic intervention was to monitor changes in glucose concentrations as a safety biomarker. CGM was used as a primary efficacy endpoint for measurement of nocturnal hypoglycemia in type 1 diabetes mellitus subjects using an insulin pump.[14](#cpdd437-bib-0014){ref-type="ref"} Despite it being recognized by regulatory authorities as a clinical study endpoint,[15](#cpdd437-bib-0015){ref-type="ref"} there are only a handful of registered‐controlled drug trials that use CGM in the context of type 2 diabetes mellitus (T2DM). These trials include a head‐to‐head sitagliptin vs vildagliptin study[16](#cpdd437-bib-0016){ref-type="ref"}; during an insulin plus sitagliptin add‐on therapy study,[17](#cpdd437-bib-0017){ref-type="ref"} and a proof‐of‐concept study for a new compound.[18](#cpdd437-bib-0018){ref-type="ref"} One obstacle to further use of this technology as a pharmacodynamic endpoint in drug development programs may be related to the lack of data on the daily variation in glucose concentrations observed in T2DM patients. CGM has been examined in numerous studies with type 1 diabetes mellitus patients, especially in association with new insulins, insulin pumps, and closed‐loop systems.[1](#cpdd437-bib-0001){ref-type="ref"} However, this technology has not been widely described in the literature for clinical use in patients with T2DM,[18](#cpdd437-bib-0018){ref-type="ref"} particularly for T2DM patients not on insulin treatment. Therefore, we examined intrapatient and between‐day variance of CGM during 48‐hour measurements in patients with T2DM treated with metformin or changes in lifestyle only, a key consideration when implementing a pharmacodynamic assessment such as CGM into early clinical research studies.

Methods {#cpdd437-sec-0020}
=======

Study Design {#cpdd437-sec-0030}
------------

Adult male and female patients with T2DM, 18--70 years old, with body mass index (BMI) values between 28 and 42 kg/m^2^ were included in a retrospective clinical study utilizing CGM. Patients were recruited from 4 clinical research units (CRUs) in a competitive enrollment study design. Patients on stable doses of metformin or on nonpharmacological diabetes mellitus management for at least 3 months were included in the study, and subjects on insulin or hypoglycemic agents other than metformin were excluded. Subjects were also excluded if they had a history of significant cardiovascular disease or other disorders. The study protocol was approved by the Chesapeake IRB (Columbia, Maryland) ethics research board, and written informed consent was obtained from each subject. The results were obtained from a subanalysis of a larger double‐blind, placebo‐controlled clinical study (NCT02377362). The current analysis includes a subset of 24 subjects at baseline (predose) with uninterrupted recordings over 2 days.

Continuous Glucose Monitoring {#cpdd437-sec-0040}
-----------------------------

The Medtronic iPro2 continuous glucose monitoring system (Dublin, Ireland) consists of the iPro2 recorder and an implanted glucose sensor. The glucose sensor was applied to the subject\'s abdomen according to manufacturer\'s instructions. Briefly, the sensor was inserted just underneath the skin using the Sen‐Serter, and the iPro2 recorder unit was attached to the sensor and adhered to the body with occlusive adhesive dressing. One hour after CGM implant placement, blood glucose was measured with a SMBG meter (MediSense Precision Xtra, Abbott, Chicago, Illinois) to provide a calibration value. The patients were released from the clinic and instructed to perform another SMBG measurement at least 3 hours after implantation and another before bedtime (on day ‐1). Over the next 2 subsequent days (days 1 and 2), patients were instructed to obtain 4 daily SMBG measurements (before each meal and before bedtime) for retrospective CGM data correction and calibration. All patients were advised to maintain their regular dietary and exercise habits during the study but to refrain from strenuous physical activity. The CGM device was worn for approximately 72 hours, at which point the patients returned to the clinic (day 3), and the iPro2 recorder and sensor were removed. The sensor captures glucose readings every 5 minutes, for a total of 288 data points collected per day. The data from the CGM and SMBG blood glucose meter were uploaded into the CareLink iPro software platform (Medtronic) and exported into Excel (Microsoft, Redmond, Washington). According to the manufacturer\'s instructions, a minimum of 2 calibration points is required after implantation. The start of CGM recordings per patient ranged from 08:40 to 21:50 hours on the day of device insertion (day ‐1). Consequently, for analysis purposes midnight (00:00 hours) was set as the start of day 1, and daily glucose was defined as midnight to midnight, as reported by others.[10](#cpdd437-bib-0010){ref-type="ref"} The device has a mean absolute relative difference of 15.6% compared to venous blood glucose reference standard of measurement.

Statistical Analysis {#cpdd437-sec-0050}
--------------------

Results are presented as 24‐hour average ±  SD and area under the curve (AUC). Mean weighted glucose was calculated as the AUC divided by 24. Insulin sensitivity was estimated with the homeostatic model assessment for insulin resistance (HOMA‐IR), calculated as \[glucose (mg/dL) × insulin (μU/mL)\]/405.[19](#cpdd437-bib-0019){ref-type="ref"} HOMA‐IR is a validated method to evaluate insulin sensitivity with fasting glucose and insulin values; insulin resistance is typically defined as HOMA‐IR \>2.0.[20](#cpdd437-bib-0020){ref-type="ref"}, [21](#cpdd437-bib-0021){ref-type="ref"} Pearson coefficient (R) and Bland‐Altman tests were used to determine between‐day reproducibility.[22](#cpdd437-bib-0022){ref-type="ref"}, [23](#cpdd437-bib-0023){ref-type="ref"} Daily differences were examined by paired Student t‐test. Statistical significance was set at *P* \< .05. Graphs and statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, La Jolla, California) and Excel (Microsoft, Redmond, Washington).

Results {#cpdd437-sec-0060}
=======

Twenty‐four patients with T2DM were included in this study analysis, 11 from Celerion, Inc (Phoenix, Arizona), and the remaining 13 from partnering clinical research units, namely Clinical Pharmacology of Miami (Miami, Florida), Clinical Trials of Texas (San Antonio, Texas), and Profil (San Diego, California). Anthropometric and demographic results are shown in Table [1](#cpdd437-tbl-0001){ref-type="table"}. Overall, the subjects were predominantly middle aged, overweight and obese Hispanic males. The 2 patients from CRU 3 were younger (32, 42 years) and had average fasting insulin levels that were 1.6‐ to 2.8‐fold higher than values from patients from the other sites. In addition, these 2 patients also displayed a higher average BMI value (31.6, 41.0 kg/m^2^) (Table [1](#cpdd437-tbl-0001){ref-type="table"}). All remaining demographic parameters were similar among the clinical sites.

###### 

Demographic and Fasting Glycemic Values

  Parameter                                                                      All                                                     CRU 1                               CRU 2          CRU 3          CRU 4
  ---------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- -------------- -------------- --------------
  n                                                                               24                                                       11                                  8              2              3
  Sex (%male)                                                                    71%                                                      73%                                 63%            50%            100%
  Age (years)                                                                  51 ± 12                                                  44 ± 10                              59 ± 7         37 ± 7         61 ± 9
  Ethnicity (%Hispanic)                                                          71%                                                      64%                                 63%            100%           100%
  BMI (kg/m^2^)                                                               31.6 ± 3.3                                               30.6 ± 1.3                          33.0 ± 3.4     36.3 ± 6.6     28.3 ± 0.3
  HbA~1c~ (%)                                                                 8.3 ± 0.8                                                8.4 ± 1.0                           8.3 ± 0.7      8.0 ± 0.5      7.9 ± 0.6
  Glucose (mg/dL)                                                            173.4 ± 41.3                                             178.7 ± 40.1                        181.6 ± 48.2   128.0 ± 28.3   162.3 ± 18.6
  Insulin (μU/mL)                                       18.9 ± 8.7[b](#cpdd437-tbl1-note-0002){ref-type="fn"}    20.5 ± 7.5[b](#cpdd437-tbl1-note-0002){ref-type="fn"}     16.4 ± 6.7     33.8 ± 3.2     11.9 ± 8.0
  HOMA‐IR[a](#cpdd437-tbl1-note-0001){ref-type="fn"}    8.17 ± 4.20[b](#cpdd437-tbl1-note-0002){ref-type="fn"}   9.35 ± 4.60[b](#cpdd437-tbl1-note-0002){ref-type="fn"}   7.66 ± 4.03    10.79 ± 3.39   5.02 ± 2.15

Data shown as means ± SD, unless otherwise indicated.

Homeostatic model assessment for insulin resistance.

Insulin determined from 20 subjects (7 subjects from CRU 1).

John Wiley & Sons, Ltd.

Examples of typical CGM profiles and the cohort average glucose concentrations are shown in Figure [1](#cpdd437-fig-0001){ref-type="fig"}. The CGM recordings over 2 consecutive 24‐hour periods were nearly superimposable, signifying good low daily variability. Indeed, the average glucose concentrations from day 1 and day 2 strongly correlated as determined by Pearson coefficient (Figure [2](#cpdd437-fig-0002){ref-type="fig"}A) and Bland‐Altman tests (Figure [2](#cpdd437-fig-0002){ref-type="fig"}B). To further evaluate the daily variation, a number of common CGM metrics were calculated including glucose AUC and mean weighted glucose. These values were also extremely similar between the 2 study days as demonstrated by significant Pearson coefficient association (Table [2](#cpdd437-tbl-0002){ref-type="table"}). In addition, the time a patient spent within a given glycemic range was also evaluated. Overall, individual glucose concentrations were within the 70--250 mg/dL glycemic range for approximately 75% of time (Table [2](#cpdd437-tbl-0002){ref-type="table"}). Hyperglycemia, defined here as \>250 mg/dL, occurred for approximately 20% of the time and was observed in the majority of patients: 20 patients on day 1 and 21 patients on day 2. The average maximal (±SD) glucose concentrations captured were 299.5 ± 57.6 mg/dL and 308.0 ± 57.4 mg/dL (*P* = NS) for day 1 and day 2, respectively. Low daily variability was observed for all ranges except for the percentage of time spent in hypoglycemia; however, this percentage of time was minimal (\<1%, Table [2](#cpdd437-tbl-0002){ref-type="table"}). Although the number of subjects from CRU 3 and CRU 4 were small, there did not appear to be a site or day effect for the average daily glucose levels (Figure [3](#cpdd437-fig-0003){ref-type="fig"}).

![A‐C, Glucose profiles of representative individual patients by day. D, Cohort average glucose concentration by day. Data are shown as average (solid lines)  ± SD (dashed lines); with day 1 shown in black and day 2 in red.](CPDD-7-676-g001){#cpdd437-fig-0001}

![Variation assessment of 24‐hour average glucose. A, Correlation between day 1 and day 2 average glucose concentration. The Pearson regression coefficient (R) and *P* value are presented. B, Bland‐Altman analysis of daily average glucose. Dashed lines represent 2× the upper and lower SD.](CPDD-7-676-g002){#cpdd437-fig-0002}

###### 

Continuous Glucose Monitoring Outcome Metrics

  Parameter                                    Day 1             Day 2              Pearson R   *P* Value
  -------------------------------------------- ----------------- ----------------- ----------- -----------
  Average 24‐h glucose concentration (mg/dL)   204.8 ± 45.0      208.9 ± 44.5        0.8595      \<.001
  %CV                                          21.98%            21.29%                        
  Area under the curve (mg·h/dL)               4897.3 ± 1076.1   4995.0 ± 1061.7     0.8624      \<.001
  Mean‐weighted glucose (mg/dL)                204.1 ± 44.8      208.1 ± 44.2        0.8624      \<.001
  Patient percentage time in ranges (%):                                                       
  \<70 mg/dL                                   0.7 ± 2.2         0.4 ± 1.7           0.3223       .1336
  70‐180 mg/dL                                 36.3 ± 33.8       36.0 ± 30.3         0.7366      \<.001
  181‐250 mg/dL                                41.7 ± 24.7       39.0 ± 17.8         0.5509       .006
  \>250 mg/dL                                  21.0 ± 21.4       24.6 ± 24.4         0.8931      \<.001

Data shown as means ± SD, unless otherwise indicated. %CV was calculated for average 24‐hour daily glucose.

John Wiley & Sons, Ltd.

![Comparison of between‐site CGM glucose concentrations: 24‐hour average glucose on day 1 and day 2 presented by clinical research site. Data are presented as a box plot: the center line represents the median, the bottom and top lines are the 25th and 75th percentiles, and the ends of the whiskers are the 5th and 95th percentiles, respectively. CGM indicates continuous glucose monitoring.](CPDD-7-676-g003){#cpdd437-fig-0003}

For retrospective calibration of the CGM device, SMBG values must be captured several times a day. Patients were instructed to measure capillary blood glucose in the morning, afternoon, evening, and before bedtime (Figure [4](#cpdd437-fig-0004){ref-type="fig"}). On day 1, average morning SMBG was 179.3 ± 33.9 mg/dL and increased by 8% in the afternoon and then by 25.2% before bedtime. A similar trend was observed on day 2 with an average morning SMBG value of 182.1 ± 40.6 mg/dL, which increased by 9.6%, 13.8%, and 21.5% in the afternoon, evening, and nighttime, respectively. Overall, fingerstick SMBG values were similar between days except for the evening measurement (176.1 ± 69.6 mg/dL and 207.3 ± 54.6 mg/dL, *P* = .05 for day 1 and day 2, respectively).

![Self‐monitoring blood glucose (SMBG) values. Capillary fingerstick glucose values for CGM calibration taken over the course of day 1 and day 2. Data presented as a box plot: the center line represents the median, the bottom and top lines are the 25th and 75th percentiles, and the ends of the whiskers are the 5th and 95th percentiles, respectively. CGM indicates continuous glucose monitoring.](CPDD-7-676-g004){#cpdd437-fig-0004}

Discussion {#cpdd437-sec-0070}
==========

The primary endpoint for many diabetes mellitus clinical studies is a reduction in HbA~1c~. HbA~1c~ is a marker for long‐term glucose control, as it is an indicator of the average blood glucose concentration over the previous 2--3 months. Although HbA~1c~ is considered the reference standard for examining long‐standing glycemic control, it is not a suitable outcome measure for shorter trials, such as those in early clinical research (phase 1 and 2a studies). To this end, CGM can be a powerful endpoint for short‐term, proof‐of‐principle or proof‐of‐mechanism studies. However, only a handful of studies have incorporated CGM into a T2DM trial. Therefore, we evaluated the daily subject variation in CGM measures from patients with T2DM across multiple centers in order to assess the robustness of this technology for use in clinical studies. The present study demonstrated robust between‐day reproducibility of CGM from 24 patients using different statistical assessments. These findings are in line with previously published results showing good accuracy and strong sensitivity and specificity for CGM.[6](#cpdd437-bib-0006){ref-type="ref"}, [18](#cpdd437-bib-0018){ref-type="ref"}

To our knowledge this is the first study to examine daily variation in a T2DM cohort and report reference values for a primarily Hispanic population. These values can be applied to power calculations for future clinical studies. Others have demonstrated that 24‐hour mean blood glucose and measures of glycemic excursions were similar in a healthy Chinese cohort during a test‐retest study with a 3‐day CGM evaluation.[24](#cpdd437-bib-0024){ref-type="ref"}, [25](#cpdd437-bib-0025){ref-type="ref"} There are a number of limitations that must be addressed. Since this was a retrospective study with competitive enrollment, it was not possible to control for the number of patients included by each clinical site, which precludes a detailed intersite analysis. Even so, mean HbA~1c~, fasting glucose, and average daily glucose concentrations were similar among the research centers. Another study limitation is related to meals and physical activity. As patients were not confined to the clinic during the CGM assessment, meals and physical activity levels may not have been identical between days. Nonetheless, this allowed to assess daily glucose variation under normal living conditions. Although the glucose profiles were extremely similar, they were not anticipated to be completely superimposable. Previous studies have highlighted the effect of a meal on CGM glucose responses; Chlup et al demonstrated the duration and magnitude of glycemic response to various foods (eg, honey, dark chocolate, white bread) with a fixed amount of carbohydrates (50 g) can be dramatically different.[26](#cpdd437-bib-0026){ref-type="ref"} In addition, in a controlled setting, Zhou et al observed 10% and 14% rises in blood glucose 1 hour after meal consumption at lunch and dinner (50% of macronutrients from carbohydrates), respectively, but no breakfast effect.[24](#cpdd437-bib-0024){ref-type="ref"} Given the influence of meals on a glucose profile, and the assumption that meals were not similar between study days, the daily variation when taken as 24‐hour average remains highly reproducible.

Regardless of diabetes mellitus type, the American Diabetes Association Standards of Care guidelines indicate that GCM is a useful tool to promote greater hypoglycemia awareness and disease management.[27](#cpdd437-bib-0027){ref-type="ref"} Another key advantage of the CGM system is the ability to capture previously undiagnosed hyperglycemia, a finding often missed by SMBG sampling. In the present study nearly all subjects reported some time in the hyperglycemic range by CGM, yet only 10 and 14 patients demonstrated glucose levels \>250 mg/dL by SMBG on days 1 and 2, respectively. This finding is similar to the results obtained by Kohnert et al who observed that well‐controlled T2DM patients (HbA~1c~ \<7.0%) spent an average of 5.7 h/d in the hyperglycemic range and experienced 4.1 episodes of hyperglycemia per day.[28](#cpdd437-bib-0028){ref-type="ref"} Therefore, glucose fluctuations captured by CGM are more powerful in detecting hyperglycemia than SMBG or HbA~1c~ alone. As a clinical study endpoint, changes in CGM metrics related to hyperglycemia have the potential to demonstrate clinical benefit.

With a wealth of acquired data points, there are a number of ways to analyze and present CGM results. Historically, typical assessments include 24‐hour average, mean weighted average, AUC, and percentage time in ranges as well as assessment of glycemic excursions through SD, mean amplitude of glucose excursion, or continuous overlapping net glycemic action.[29](#cpdd437-bib-0029){ref-type="ref"} In addition, for interventional studies, time to maximum glucose concentration and change in daily average glucose are also common endpoints. With numerous CGM outcome measures, interpretation of the results can be challenging for patients, physicians, and researchers. Therefore, in an effort to form a consensus on reporting CGM results, the American Association of Clinical Endocrinologists, and American College of Endocrinology recommend standardization of outcome metrics. The goal is to develop reports that are as universally comprehensible by clinicians as an electrocardiogram.[7](#cpdd437-bib-0007){ref-type="ref"} These measures include percentage time in ranges, glycemic variability reported as SD (or %CV), average daily glucose, and estimated HbA~1c~.[7](#cpdd437-bib-0007){ref-type="ref"} The present study demonstrated robust reproducibility between days for several of these metrics in a T2DM cohort.

In the present multisite study data showed minimal glucose variation among all study participants, confirming suitability for early clinical research. Furthermore, CGM can support pharmacovigilance; the number of hypoglycemia events and time spent in hypoglycemic range were evaluated in a phase 2 study comparing an investigational pegylated basal insulin (insulin peglispro \[LY2605541\]) to insulin glargine in T2DM subjects.[30](#cpdd437-bib-0030){ref-type="ref"} Moreover, when baseline medication is withheld from T2DM subjects during phase 2 monotherapy studies, risk of hyperglycemia can be closely monitored by CGM. CGM may also be a valuable safety consideration for other indications, such as polycystic ovary syndrome, cystic fibrosis, thalassemia major, acute coronary syndrome, and renal impairment,[31](#cpdd437-bib-0031){ref-type="ref"} where risk of glucose variability is high and/or diabetes mellitus is a comorbidity. Therefore, from a drug development program perspective, CGM is to glucose measurements as Holter monitors are to electrocardiograms.[18](#cpdd437-bib-0018){ref-type="ref"}

Conclusion {#cpdd437-sec-0080}
==========

Frequent readings every 5 minutes provide a CGM glucose profile over the course of the day, and despite changes in response to daily activities such as eating, sleeping, and physical activity, the results demonstrated low daily variability. This is an important consideration when implementing new technology into therapeutic intervention programs, as the ability to demonstrate minimal daily variation with placebo or baseline treatments will allow for a better evaluation of pharmacodynamic effects. Altogether, the results from the present study indicated that there is strong between‐day reproducibility in CGM in a T2DM cohort and demonstrated that this method is practical for multisite studies. As a Food and Drug Administration-- and European Medicines Authority--recognized clinical endpoint, CGM is a powerful pharmacodynamic tool for drug efficacy and safety monitoring that can contribute to improving and accelerating drug development programs.
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